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The interfacial reactions in the Zr-Si system have been studied by in situ cross-section transmission 
electron microscopy (TEM) including high-resolution-mode energy-dispersive spectroscopy (EDS) 
and nanobeam electron diffraction (nanodiffraction). The as-deposited Zr film has a columnar 
structure and an amorphous interlayer is observed at the Zr/Si interface. The amorphous layer is 
found to grow during annealing at 400 “C. The growth of the amorphous layer consists of three 
stages: a rapid increase in the early stage, a gradual increase in the intermediate metastable stage, 
and saturation in the final stage. The kinetics at each stage are discussed with in situ TEM 
observation and en situ EDS analysis. Annealing at 500 “C creates a ZrSi, layer at the amorphous 
layer&i interface. The phase and orientation relationship are determined from the nanodiffraction 
patterns. The ZrSi, is found to grow layer by 
mechanism. 0 1995 American Institute of Physics. 
layer into the Si substrate via a ledge 
I. INTRODUCTION 
As very-large-scale integrated circuits are scaled down 
into a submicrometer range, lower contact resistivity and 
thermal stability with Si are required for contact materials. 
Zr is one of the most promising metals because of its low 
resistivity and reduction of native oxide on Si. Yamauchi 
et al.’ have reported that a low contact resistivity of the order 
of lOme Sz cm2 can be realized for Zr/Si contacts by anneal- 
ing at 420 “C. They also pointed out that subsequent high- 
temperature annealing degraded the contact resistivity. Al- 
though the interfacial reaction and its structure determine the 
resistivity, the thermal stability of the Zr/Si interface has not 
been clarified sufficiently. Cheng and Chen2 have shown that 
an amorphous interlayer is observed just after Zr deposition, 
increasing in thickness by low-temperature annealing below 
500 “C. Although this solid phase amorphization has been 
observed for interfaces between Si and many silicide- 
forming metals,3 the kinetics of the growth have not yet been 
revealed for most cases. At higher annealing temperature, 
crystalline silicide has been reported to be created at the 
interface. However, there are some different results in the 
literature for the nature of the first phase (ZrSi, or ZrSi), 
crystalline orientation (epitaxial or nonepitaxial), and growth 
process (growth site and growth temperature).1*2*49 Since 
these interfacial reactions affect electrical characteristics and 
device reliability, it is indispensable to make detailed obser- 
vations and to study the reaction mechanism at the atomic 
level. 
We investigated the inter-facial reactions in the Zr-Si 
system by heating cross-section samples in situ inside the 
transmission electron microscope (TEM) including the high- 
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resolution mode.6 Real-time images with this technique offer 
dynamic information and reveal the transformation of the 
atomic arrangements.’ The analysis also included energy- 
dispersive spectroscopy (EDS) and nanobeam electron dif- 
fraction (nanodiffraction) as well as in situ TEM. The growth 
kinetics of the amorphous layer and the crystalline silicide 
were also revealed at the atomic level by these methods as 
described in the present article. 
II. EXPERIMENT 
(100) Si substrates were cleaned by following method. 
They were treated first with an NH40H solution 
(NH,0H:H202:H20= 1:1:6) at 60 “C for 10 min followed by 
rinsing, and second with HCl solution 
(HCl:H202:H20= 1:1:6) at 60 “C for 10 min followed by 
rinsing. The surface oxide was then removed by dipping the 
wafer into HF solution (HF:H20= l:lO), less than 10 s being 
enough to remove the native oxide on Si substrates. After the 
cleaning, 190 nm of Zr was deposited by dc magnetron sput- 
tering at room temperature, with a base pressure of 3X lo-’ 
Torr and a sputtering pressure of 3 mTorr. 
Interfacial reactions were observed for both in situ and 
ex situ annealings to confirm that results obtained through in 
situ TEM observation are realistic. For ex situ annealing, 
samples were treated by rapid thermal annealing at 400 or 
500 “C. All the cross-section samples were made by a stan- 
dard procedure using ion milling.* For in situ annealing, 
samples, prepared for cross-section TEM observation, were 
heated at 390, 400, or 510 “C in a Philips EM-430ST elec- 
tron microscope operating at 300 kV for high-resolution mi- 
croscopy. Images were recorded continuously with a video- 
tape player. EDS and nanodiffraction were also observed for 
some of the ex situ annealing samples, to study kinetics of 
reaction and structure of phases, using JEOL JEM-201OF and 
TOPCON EM-002BF electron microscopes with micro- 
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FIG I. Cr~rs-section (a) HFlTM and Ib) HRTEM micrographs of the as-deposited Zr-Si sample. The Zr film has a columnar structure and an amorphous 
interlqer is observed rit the %r/Si interface. 
probes of 0.5 nm diameter operating at 200 kV with tield- 
emission guns. 
III. RESULTS AND DISCUSSION 
A. Growth of the amorphous interlayer 
The cross-section bright-field (RF) and high-resolution 
(FIR> TEM micrographs of the as-deposited Zr-Si sample 
are shown in Figs. l(za) and I (bj, respectively. The as- 
deposited Zr film has a columnar structure and an amorphous 
interlayer with a thickness of about 2 nm is observed at the 
interface between the Zr and the Si substrate. The amorphous 
Iayver/Si interface is flat at the atotnic scale. Although the 
formation of the amorphous layer was reported to be due to 
a lower free energy of the intermixed atnorphous phase in 
comparison with that of the physically separated 
elements,““” the effect of intermixing during the sputtering 
of Zr could not be ruled out for the amorphization in this 
work. The thickness of the amorphous layer was observed to 
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increase during annealing at 300 “C. The relationship be- 
tween the thickness and the L<X situ annealing time at 400 “C 
is shown in Fig. 2iaj. The growth of the amorphous layer is 
found to consist of three stages: a rapid increase to 7 nm in 
the early stage, a gradual increase to 13 nm in the interme- 
diate metastable stage, and saturation in the final stage. The 
relationship between the thickness and the annealing time for 
i~z siru and Ed situ annealings in the early and metastable 
stages is shown in Fig. 2(bj. The agreement of the thickness 
for both treatments ensures that the growth mechanism of the 
amorphous layer for the iiz situ annealing is the same as that 
fvr the CY situ annealing.7 
The cross-section HRTEM micrographs of the Zr-Si 
sample during in situ annealing at 390 “C for 3 and for 3 min 
are shown in Figs. 3(a) and 3(b), respectivsly. This annealing 
is considered to be in the early stage in Fig. 2. The polycrys- 
talline phase of Zr at the interface, indicated with an arrow in 
Fig. 3(aj, is seen to change to an amorphous phase in a short 
period of time, as shown in Fig. 3(b). On the other hand, the 
-10 "~I"',"',"',"' 
E 
+ In-Situ 
0 Ex-Situ 
2 
0 20 40 60 80 100 
Annealing Time (min) 
c (b) 
FIG. 2. Relationship hdv.w?n the thickness of the amorphous layer and annealing time at 400 “C for (a) tx situ annealing in all the stages and (b) jrz situ and 
ex si& annesling in the early and metastable stages. 
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I;Ici. 3. Ctoas-section BKTEM micrographs of the Zr-Si sample during irz sits annealing at 390 “C for (a) 3 min and (bj 4 min. The polycrystalline Zr phase 
at the interface indicated with an xrow in (aj changed to an amorphous phase in (b). 
amorphous layer/Si interface does not change so much dur- 
ing annealing at this early stage. The amorphous layer ini- 
tially grows into the Zr layer, su,, crnesting that Si in the amor- 
phous alloy diffuses into the Zr layer to establish a 
metastable equilibrium. This phenomenon can be confirmed 
by EDS measurements through the amorphous and Zr layers. 
The line profiles of Si measured by EDS in the amor- 
phous and Zr layers for as-deposited, 1 h annealing, and ‘12 h 
annealing samples are shown in Fig. 4. The as-deposited 
sample shows a high concentration of Si at the amorphous 
layer/Si interface and large concentration gradient of Si in 
the amorphous layer. High concentration of Si in the initial 
amorphous layer is possibly caused by a combination of 
(I ) the thcm~c~dyvnamically I-zIge driving force in the Zr-Si 
system, 
(2) un intermixing effect of the sputtering process, and 
t.3’9 the dispropurtionntely large amount of Si, as compared 
with the limited supply of Zr atoms at the interface. 
This probably resulted in the Sikh Zr/Si amorphous alloy. 
Since %I$ is the stable intermetallic compound richest in Si 
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(67% of Si), 70%80% of Si in a metastable Zr/Si alloy 
might not be unrealistic. 0n the other hand, the 1 h annealing 
sample, which is at the metastable stage, provides low Si 
concentration and small concentration gradient in the amor- 
phous layer. For the 12 h annealing sample, which is at the 
saturation region, the concentration gradient is almost flat at 
the center of the amorphous layer. These results suggest that 
Si in the amorphous alloy diffuses rapidly into the Zr layer to 
increase the thickness of the amorphous layer at the early 
stage. 
The cross-section HRTEM micrograph of the Zr-Si 
sample during in situ annealing at 390 “C for 80 min is 
shown in Fig. 5. This annealing is considered to bc in the 
metastable stage in Fig. 2. The amorphous layer increased 
gradually toward both sides of the layer, as was seen in the in 
situ TEM observation. The increase of the amorphous layer 
to the Si substrate was faster than to the Zr film. This result 
suggests that both Si and Zr atoms are released from their 
respective interfaces to diffuse into the amorphous layer. It 
FIG. 1. Line protile of Si measured by EDS in the amorphous and Zr layers 
for as-deposited, 1 h anti4iug, and I2 h annealing wmples. 
4984 J. Appl. Phys., Vol. 78, No. 8, 15 October 1995 
FIG. 5. Cross-section HRTEM micrograph of the ‘7.~Si sample during in 
situ annealing at WI ‘C for X0 min. The amorphous layer increased gradu- 
ally toward both sides of the layer. 
Tanaka et al. 
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FIG. 6. Relationship between scpxe of the amorphous layer thickness and 
the nnncaling time at the mctastrzhle and find stages. X, is the red thickness 
of the amorphous layer and Xi, is 6.8 nm. The latter was the extrapolated 
vdrrr of the thickness at the mctastahle stage in Fig. 2(b) to 7ern annealing 
time with a leastkquxes fitting method. 
was reported that the increase of the amorphous layer thick- 
ness at the metastable stage is limited by reaction at the 
interfaces because of a linear relationship between the amor- 
phous lyer thickness and the annealing time as can hc seen 
in Fig. 9;- however, this relationship can be also attributed to 
diffusion control, as discussed lxIow. The diffusion cocffi- 
cient I> is expressed by a differential equation as follows: II,12 
ilj 
where X is the thickness of the amorphous layer and t is the 
annealing time. InQration of Eq. (1 ) yields 
xf - -y; 
2r =I), 
where X, is the thickness of the amorphous layer after an- 
nealing for time t and S,! is the initial thickness of the amor- 
phous layer. The relationship between the square of the 
a 
FIG. 7. Cross-sestion HRTEM micrograph of the %r-Si sample after cx situ 
annealing at 400 “C for 12 h. There are faint lattice fringes at the amorphous 
layer/Si interface. 
amorphous layer thickness and the annealing time at the 
metastable and final stages is shown in Fig. 6. Here, X, is the 
real thickness of the amorphous layer and X,., is 6.S nm. The 
latter was the extrapolated value of the thickness at the meta- 
stable stage in Fig. 2(bj to zero annealing time with a least- 
squares-titting method!The result shows a linear relationship 
for the mctastable stage. This result and Eq. (12) indicate that 
the increase of the amorphous layer at the metastahle stage 
also can bc attributed to diffusion control. The estimated dif- 
fusion coefficient from the data in Fig. 6 in accordance with 
El. (2j ~21s 2.8x1o-17 cm2/s. If rhr increase of the amor- 
phous layer at the nnetastable sta,oc is limited by intcrfacial 
reaction, the rapid increase at the early stage cannot be ex- 
plained, since the reaction should also limit the rapid in- 
crease. Therefore, the kinetics at the metastable stage is pos- 
sibly consistent with diffusion control. 
The cross-section HRTEM micrograph of the Zr-Si 
FIG. 8. ial Cnxs-section HFTEM microgmph of the 2r-Si sample after er sitr~ annealing at 500 “CI for 60 min. A aystalline silide layer is created at the 
attuxph~ms IayeriSi intrrfxe. It>! Cross-section HRTEM micrograph at the silicide/Si interfbx of the sa~nple shown in id. 
J. Appl. Phys., Vol. 78, No. 8, 15 October 1995 Tanaka et a/, 4985 
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FIG. 9. (a’~ Manodiffraction pattern of the silicide layer. (b) The simulated diffraction pattern of C49 ZrSi2 along [lOOI zone axis. 
sample after 6:~ situ annealing at 400 “C for 12 11, which is at 
the final staqe in Fig. 2, is shown in Fig. 7. There are Faint 
lattice fringes with 0.17 nm interplanar spacing at the amor- 
phous Iayerk3 interface. The thickness of the layer with the 
lattice fringes is ahout 1.5 nm. This result is consistent with 
the start of c~staIliz:ttion. This crystaliization is thought to 
prevent the further growth of the amorphous layer, hence 
slowing down the growth kinetics, 
B. Growth of the crystalline silicide 
The cross-section HFTEM micrograph of the Zr-Si 
sample after P.X situ annealing at SO0 “C for 60 min is shown 
in Fig. 8ta.j. Annealing at SO0 “C creates a crystalline silicido 
layer at the interface bctwrcn the amorphous layer and the Si 
substrate. Figure X(bj shows the cross-section IIRTEM mi- 
crograph at the silicide/Si interface of the sample shown in 
Fig, S(a). The silicide phase has lattice fringes with 0.25 nm 
interplanar spacing parallel to the interface. Nanodiffraction 
was taken to examine the phase and orientation of the sili- 
tide layer. The nanoiliff~~ction pattern of the silicide layer 
and the simulated diffraction pattern of C49 ZrSi, along the 
[JOOj zone axis are shown jn Figs. 9(a) and 9(b), respec- 
tively. The fundamental bright spots agree with each other, 
which suggests that ZrSi, in the C49 structure grew with a 
(010) orientation upon the (100) Si substrate. For the orien- 
tation relationship, { 100) and (001) of ZrSi, were parallel to 
the (01 I} planes of Si. This is reasonable because lattice 
parameters of the a and c axes arc almost the same (0.37 
nmj for the orthorhombic ZrSi, and close to one-half of the 
diagonal of a Si cube face (0.38 nmj. The [Ok I) and (Oki) 
spots with k even in Fig. 9(a) are elongated parallel to the 
{OlO) axis, which suggests that the ZrSiz is faulted on the 
(010) planes.” The lattice fringes in the silicide phase with 
0.25 mn interplanar spacing paralle.1 to the interface, as seen 
in Fig. 8(b), are probably (060) planes of ZrSi2 in the C49 
structure. 
The cross-section HRTEM micrographs of the Zr-Si 
sample after in sit24 annealing at 400 “C for 120 min, fol- 
lowed by 510 “C for 5 min, are shown in Fig. 10. In the in 
situ observation, it can be seen that the row of Si lattice 
points at the interface in Fig. lO(aj transforms into ZrSi, in a 
short period of time less than 0.3 s as shown in Fig. IO(b). 
f.jcj, ItI. c3~,ss-~ection MWEM rnicrogmphs of the %r-Si sample after in situ annealing treated at 400 “C for 120 min followed by 510 “C for 5 min. The row 
of Si Mice point< at the interface in (a! transformed into ZrSi” ‘, in the next moment as shown in (b). Arrows indicate the sane atomic point in both 
mierogrL~phs. 
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Arrows indicate the same atomic point in both micrographs. 
This happened about every 30 s for this annealing time and 
temperature. This result indicates that the ZrSi, epitaxially 
grows layer by layer into the Si substrate via a ledge mecha- 
nism, as is clearly seen in the continuous recordings. 
IV. CONCLUSIONS 
The interfacial reactions in the Zr-Si system have been 
investigated using in situ cross-section TEM including the 
high-resolution mode, EDS, and nanodiffraction. The as- 
deposited Zr film has a columnar structure and an amorphous 
interlayer with a thickness of about 2 nm is created at the 
Zr/Si interface. The thickness of the amorphous layer is 
found to increase with annealing time at 400 “C from both in 
situ and ex situ TEM observation. The growth of the amor- 
phous layer consists of three stages: a rapid increase to 7 nm 
in the early stage, a gradual increase to 13 nm in the inter- 
mediate metastable stage, and saturation in the final stage. At 
the early stage, the amorphous layer grows into the Zr layer, 
which is due to the diffusion of Si in the amorphous alloy 
into the Zr layer to establish a metastable equilibrium. At the 
met&able stage, both Si and Zr are released from the re- 
spective interfaces and diffuse into the amorphous layer, 
which causes a gradual increase in thickness to both sides of 
the amorphous layer. At the final stage, there are faint lattice 
fringes at the amorphous 1ayerlSi interface, which is consis- 
tent with the onset of crystallization. This crystallization pre- 
vents the further growth of the amorphous layer. 
Annealing at 500 “C creates a crystalline ZrSi, at the 
amorphous layer/Si interface. The ZrSi:! in the C49 structure 
with (060) fringes parallel to the interface grows with a (010) 
orientation upon the (100) Si substrate. (100) and (001) of 
ZrSi, are parallel to the (011) planes of Si and the ZrSi, is 
faulted on the (010) planes. The ZrSiz epitaxially grows layer 
by layer into the Si substrate by a ledge mechanism. 
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